Introduction {#sec1}
============

*Mycoplasma pneumoniae* is a prevalent pathogen in respiratory tract infections in children \[[@B1]\]. It causes up to 40% of community-acquired pneumonia (CAP) cases in children and as much as 18% of cases requiring hospitalization \[[@B2]\]. Global outbreaks of *M. pneumoniae* occur every 3--7 years. The clinical symptoms of *M. pneumoniae* infection are diverse \[[@B3]\]. Individuals with a mild infection can be free of symptoms. In addition to respiratory symptoms and general malaise or fever, more severe infections can cause multiple systemic extrapulmonary complications involving multiple organs and tissues \[[@B4],[@B5]\].

*M. pneumoniae* infection seems to primarily involve pathogen adhesion to the respiratory epithelium, followed by direct cell invasion \[[@B6]\]. Oxidative stress caused by toxic oxygen molecules such as hydrogen peroxide and superoxide radicals, as well as the Community-Acquired Respiratory Distress Syndrome (CARDS) toxin, also play important roles in the pathogenesis of *M. pneumoniae*, causing extensive vacuolar degeneration and cell death in the respiratory epithelium \[[@B7]\]. It has been suggested that the chronic activation of innate immune cells during long-term *M. pneumoniae* infection may be an important factor contributing to clinical complications and the immune-evasion of the pathogen. However, the mechanism by which *M. pneumoniae* evades surveillance and pathogenic clearance by the host immune system remains poorly understood.

The hydrogen sulfide, alanine, and pyruvate producing enzyme (HapE) of *M. pneumoniae* was first characterized by Grosshennig et al. in 2016 \[[@B1][@B1]\]. In their study, the authors demonstrated that HapE can degrade cysteine ​to form H~2~S, which causes erythrocyte lysis and destruction. They therefore suggest that this enzyme is a novel potential virulence factor of *M. pneumoniae*. However, additional properties of HapE that may contribute to *M. pneumoniae* virulence have not been reported. Similarly to NO and CO, H~2~S represents a biologically active endogenous gaseous signalling molecule for humans \[[@B12]\]. It can pass through various biofilms freely. Although H~2~S is considered to be a toxic gas, recent studies have implicated endogenous H~2~S in a number of physiological and pathological processes, including haemoglobin modification, inflammation, and oxidative stress \[[@B15]\]. In addition, H~2~S is also utilized by pathogenic microorganisms during host infection \[[@B16],[@B17]\]. During infection, pathogen-derived H~2~S can inhibit lymphocyte proliferation by affecting the synthesis of interleukin-2 (IL-2). Furthermore, H~2~S has been shown to induce phagocytes to secrete pro-inflammatory factors \[[@B18]\]. This up-regulation in the expression of various inflammatory mediators and cytokines can induce or aggravate inflammatory reactions, leading to tissue damage. This phenomenon has been observed for a number of pathogenic microorganisms including *Streptococcus anginosus and Paramyxovirus* \[[@B19]\]. However, other than its effects on haemolysis, the significance of HapE-dependent H~2~S production in *M. pneumoniae* infection remains to be established. Consequently, in the present study, we examined additional possible roles for HapE in the pathogenesis of *M. pneumoniae* in an attempt to provide further insight into the mechanisms driving immune damage in this disease.

Materials and methods {#sec2}
=====================

Expression and purification of recombinant proteins {#sec2-1}
---------------------------------------------------

The expression and purification of recombinant HapE was carried out according to the method of Grosshennig et al. \[[@B11]\]. Briefly, the *mpn487* gene (encoding HapE) of *M. pneumoniae* M129 (ATCC29342) was amplified by PCR, and then expressed in *Escherichia coli* Arctic-Express (Zoonbio Biotechnology Co., Ltd., China) using the pET-28a vector. Protein expression was then induced with 0.5 mM isopropyl-D-1-thiogalactopyranoside (IPTG) at 37°C for 4 h with continuous shaking at 220 rpm. The fusion protein was purified on a nickel-nitrilotriacetic acid (Ni-NTA) column according to the manufacturer's instructions (Thermo Fisher Scientific, U.S.A.). The purity of the HapE protein was evaluated by SDS-PAGE and Western blotting. Recombinant proteins were stored at −80°C until required.

Cell culture {#sec2-2}
------------

The normal human bronchial epithelial (NHBE) cell line was purchased from Beijing BeNa Biotechnology Co., Ltd. Cells and were cultured at 37°C in a humidified 5% CO~2~ atmosphere in Dulbecco's modified Eagle's medium (DMEM) containing 10% foetal bovine serum (Thermo Fisher Scientific, U.S.A.). Cells were passaged 1:3 every other day and, upon recovery, were passaged for at least three generations before use in subsequent experiments.

Cell proliferation and viability analysis {#sec2-3}
-----------------------------------------

Cell proliferation and viability was analysed using the Vybrant MTT Cell Viability Assay (Thermo Fisher Scientific, U.S.A.) according to the manufacturer's instructions. NHBE cells were treated with HapE (0, 0.024, 0.12, 0.3, 0.6, 3, and 15 µg/ml and the cell transfection with overexpressed vector plasmid containing the HapE gene) for 24, 48, and 72 h and then cultured with MTT solution (5 mg/ml) for an additional 4 h. The supernatant was then aspirated before the addition of 150 µl of DMSO to each well. The microtiter plate was then placed on a shaker for 10 min to facilitate the solubilisation of the formazan dye generated by viable cells. Absorbance was determined spectrophotometrically at 570 nm (Thermo Fisher Scientific, Inc., Cleveland, U.S.A.) and results were evaluated from three independent experiments.

Colony formation assays {#sec2-4}
-----------------------

NHBE cells in logarithmic growth phase were dissociated into a single cell suspension with trypsin-EDTA solution, seeded into six-well plates at a density of 200 cells/well, and then cultured at 37°C for approximately 14 days. During culture, cells were treated with different concentrations of HapE (0, 0.6, 3, and 15 µg/ml). The culture medium was renewed periodically along with fresh HapE to prevent over-acidification of the medium during the course of culture. When clones could be identified macroscopically, cultures were fixed in 4% methanol for 15 min and then stained with Giemsa solution for 2 min. The number of colonies containing ≥50 cells was determined under a microscope and the efficiency of colony formation then calculated using the equation: plate clone formation efficiency (%) = (number of colonies/number of cells seeded) × 100. All tests were repeated three times.

Cell cycle analysis {#sec2-5}
-------------------

Flow cytometry in conjunction with PI staining of total cellular DNA was used to study the effects of HapE treatment on cell cycle progression. Briefly, cells were treated with various concentrations of HapE for 48 h before fixation in 75% ethanol at −20°C overnight. After washing twice with PBS, cells were incubated in PBS containing 20 µg/ml RNase at 37°C for 30 min. The cells were then stained with 0.5 mg/ml PI for 30 min in the dark at 37°C. Gating and voltage were carefully set to exclude cell clumps and debris from the analysis during flow cytometry.

ELISA {#sec3}
=====

ELISA was used to evaluate IL-2, IL-4, IL-6, IL-12, IFN-γ, and TNF-α protein levels in the culture supernatants of NHBE cells treated for 48 h with different concentrations of HapE. ELISA was performed according to the manufacturer's instructions (R&D Systems, Minneapolis, MN, U.S.A.). All samples were run in triplicate. The optical density of samples was measured at 450 nm and protein concentrations subsequently calculated from standard curves.

Statistical analysis {#sec3-1}
--------------------

All data are expressed as means ± SD. Statistical analysis was conducted using SPSS 16.0 software (SPSS Inc., Chicago, IL, U.S.A.). Differences between experimental groups were assessed by Student's *t*-test. A *P* value \< 0.05 was considered statistically significant: \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, and \*\*\*\**P*\<0.0001.

Results {#sec4}
=======

Expression and purification of recombinant HapE {#sec4-1}
-----------------------------------------------

HapE is an inclusion body protein and was predominantly found in the sample pellet after bacterial lysis. The protein was isolated from inclusion bodies by performing a denaturation--renaturation cycle followed by purification by Ni-NTA affinity chromatography ([Figure 1](#F1){ref-type="fig"}A). Purified proteins were identified by Western blotting using an anti-His-tag antibody ([Figure 1B](#F1){ref-type="fig"}).

![Expression, purificaton and identification of HapE protein\
(**A**) Expression and purification of recombinant proteins. M: molecular weight marker; lane 1: protein after induction; lane 2: elution proteins; lane 3: purified protein. (**B**). Western blotting analysis of the purified fusion protein. M: molecular weight marker; lane 1: purified protein.](bsr-39-bsr20182201-g1){#F1}

HapE inhibits cell viability {#sec4-2}
----------------------------

NHBE cells were treated with increasing concentrations of HapE to examine its effects on cell viability. To determine the effects of intracellular HapE on viability, an additional experimental group was included where cells were transfected with a HapE expression plasmid. MTT assays revealed that HapE treatment had a dose-dependent suppressive effect on cell viability after 24 h, and that the effects of direct administration of recombinant protein were greater than those observed for transfection of cells with a HapE expression plasmid. The greatest suppression of cell viability was observed after 72 h and for the highest concentration of recombinant protein used (15 µg/ml; [Figure 2](#F2){ref-type="fig"}).

![Suppression of NHBE cell viability by HapE\
(**A**) Cell viability, as determined by MTT assay, was measured at the indicated time points and for the indicated concentrations of recombinant HapE. One experimental group was transfected with a HapE expression plasmid for comparison. (**B**) The time-dependent inhibitory effects of increasing concentrations of HapE on cell viability, as determined by MTT assay.](bsr-39-bsr20182201-g2){#F2}

HapE suppresses NHBE cell colony formation {#sec4-3}
------------------------------------------

Next, colony formation assays were conducted to evaluate the effects of HapE on NHBE cell growth. As shown in [Figure 3](#F3){ref-type="fig"}, fewer colonies were observed in the HapE treatment groups, when compared with the untreated control group. Moreover, HapE demonstrated a dose-dependent inhibitory effect on colony formation, with 15 µg/ml protein having the greatest suppressive effect on growth.

![HapE suppresses NHBE cell colony formation *in vitro*\
(**A**). NHBE cell colonies were photographed after 14 days in culture in the indicated concentrations of recombinant HapE. (**B**). Bar graph summarizing colony numbers observed at day 14 of culture for the indicated treatment groups. Data are presented as the mean ± SD. Bar graphs summarize data from *n*=3 independent experiments. The Student's *t-*test was used to determine the significance of differences between treatment groups (\**P*\<0.05, \*\*\**P*\<0.001 compared with control group).](bsr-39-bsr20182201-g3){#F3}

HapE induces S phase arrest {#sec4-4}
---------------------------

Flow cytometry was next employed to investigate the effects of HapE on the cell cycle. The flow cytometry analysis revealed that the number of NHBE cells in S phase in the 3 and 15 µg/ml HapE treatment groups was significantly increased, when compared with the cells of the 0.6 µg/ml HapE and control groups ([Figure 4](#F4){ref-type="fig"} and [Table 1](#T1){ref-type="table"}).

![HapE promotes S phase arrest in NHBE cells](bsr-39-bsr20182201-g4){#F4}

###### Effects of HapE on the cell cycle distribution of NHBE cells, as quantified by flow cytometry

  Group       G1 (%)   G2 (%)   S (%)
  ----------- -------- -------- -------
  Control     56.74    33.23    10.02
  0.6 μg/ml   57.49    30.20    12.31
  3 μg/ml     44.52    26.15    29.33
  15 μg/ml    39.98    22.18    37.83

Effects of HapE on the secretion of IL-2, IL-4, IL-6, IL-12, IFN-γ, and TNF-α by NHBE cells

The concentration of the inflammatory cytokines IL-2, IL-4, IL-6, IL-12, IFN-γ, and TNF-α in the culture supernatants of NHBE cells treated with different concentrations of recombinant HapE was measured by ELISA ([Figure 5](#F5){ref-type="fig"}). The results showed that HapE treatment significantly inhibited the expression of the pro-inflammatory cytokine IL-12, had little effect on the expression of IL-2, IFN-γ, and TNF-α, and significantly increased the expression of the anti-inflammatory cytokines IL-6 and IL-4 (\>3 µg/ml). The observed alteration in the ratio of IFN-γ to IL-4 expression is shown in [Figure 5](#F5){ref-type="fig"}. Levels of the cytokine IL-4 (an inducer of Th2 cell differentiation) in the culture supernatants of the 3 and 15 µg/ml treatment groups were significantly elevated, when compared with the control group (\*\*\*\**P*\<0.0001). Only the highest concentration of HapE tested (15 µg/ml) resulted in a significant reduction in IFN-γ levels (\**P*\<0.05). The ratio of IFN-γ to IL-4 in the supernatants of the 3 and 15 µg/ml HapE treatment groups was significantly reduced, when compared with the control group (\*\*\*\**P*\<0.0001).

![The effects of HapE treatment on the secretion of various inflammatory cytokines by NHBE cells, as measured by ELISA\
Data are presented as the mean ± S.D. Bar graphs summarize data from *n*=3 independent experiments. The Student's *t-*test was used to determine the significance of differences between treatment groups (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001, and \*\*\*\**P*\<0.0001 compared with control group).](bsr-39-bsr20182201-g5){#F5}

Discussion {#sec5}
==========

*M. pneumoniae* is one of the most common pathogen associated with CAP in children and young adults \[[@B6]\]. In addition to causing respiratory diseases, *M. pneumoniae* can also cause multiple systemic complications that can have serious consequences, affecting the patient's physical and mental health \[[@B23]\]. CAP frequently presents as a mixed infection, with *M. pneumoniae* co-existing with, and aggravating the clinical symptoms caused by other pathogens \[[@B26]\]. Patients who have suffered *M. pneumoniae* infection often experience recurrent and prolonged disease, and significantly impaired immunity \[[@B23],[@B27]\]. Therefore, it is important to understand the molecular mechanisms driving the pathogenesis of *M. pneumoniae*.

It is now largely accepted that, in addition to directly causing host cell damage, *M. pneumoniae* infection also suppresses host immune function and disrupts humoral immunity \[[@B23],[@B28]\]. The host inflammatory response is necessary to eliminate pathogenic microorganisms. The innate immune system, including the complement system, is the host's first line of defence against foreign pathogens and is therefore crucial in determining the outcome of a pathogen--host confrontation. A decrease in the secretion of inflammatory factors leads to a decrease in both the inflammatory response and the efficiency of pathogen clearance \[[@B29]\]. Therefore, inhibition of the production of inflammatory mediators facilitates the immune evasion and sustained survival of pathogenic microorganisms. Previous studies have shown that a Th1/Th2 cytokine profile plays an important role in the immunological response \[[@B30],[@B31]\]. Studies have shown that *M. pneumoniae* pneumonia can result in the down-regulation of Th1 cytokines and/or the up-regulation of Th2 cytokines, thereby shifting the Th1/Th2 cell balance towards a Th2-dominant phenotype. However, questions remain as to how *M. pneumoniae* causes this imbalance in Th1/Th2 cytokines, and which specific virulence factors are involved in this process.

The *M. pneumoniae* HapE protein was first discovered in 2016 by Grosshennig et al. \[[@B11]\], who showed that this enzyme catalyses the decomposition of cysteine to H~2~S. They also demonstrated that HapE-dependent H~2~S generation can cause erythrocyte lysis, suggesting that HapE is a virulence factor in *M. pneumoniae* pneumonia. However, other than its effects on erythrocyte lysis, the role of HapE in the virulence of *M. pneumoniae* remains largely unexplored. To study the role of HapE in the virulence of *M. pneumoniae*, we studied the effects of this protein *in vitro* using NHBE cells, which provide a useful model for the respiratory epithelium. Our study demonstrated that HapE had cytostatic or even cytotoxic effects when expressed at high levels (\>3 μg/ml), and that HapE interfered with cell cycle progression. These effects were dependent upon both the protein concentration and the duration of action. These findings reveal that HapE also has a significant influence on cell proliferation and survival. Therefore, we speculate that if the amount of bacteria infected by *M. pneumoniae in vivo* is high, the level of HapE toxin in the body is also high, the degree of damage to the cells will be heavy, and the impact on the cell cycle will be large. This phenomenon may be beneficial for the survival and reproduction of *M. pneumoniae* within cells, which impedes pathogen clearance and prolongs the duration of infection.

In this study, ELISA was used to examine changes in the concentration of IL-2, IL-4, IL-6, IL-12, IFN-γ, and TNF-α in the supernatants of HapE-treated NHBE cells. Of these cytokines, IL-2, IL-12, IFN-γ, and TNF-α are secreted by Th1 cells and can promote cell-mediated immune responses to intracellular microbial pathogens. IL-4 and IL-6, however, are mainly secreted by Th2 cells and can promote humoral immune responses to extracellular microbial pathogens and also the secretion of protective antibodies \[[@B32]\]. Our study has shown that, in addition to TNF-α, the other Th1 cytokines investigated (IL-2, IL-12, and IFN-γ) decreased, while the Th2 cytokines (IL-4 and IL-6) increased. The Th1 cytokines IL-2, IL-12, and IFN-γ, promote inflammation. However, in the present study, the levels of these cytokines were either unchanged or reduced in the supernatants of HapE-treated cells. This suggests that HapE is not associated with the secretion of pro-inflammatory factors. However, IL-4 is an anti-inflammatory cytokine that can inhibit macrophage activation, and may therefore prevent *M. pneumoniae* clearance, thereby increasing the chance of chronic infection. IL-6 is an important cytokine that has dual functions in the process of inflammation \[[@B32]\]. Our study showed that the level of IL-6 secreted by NHBE cells increased significantly with increasing concentrations of HapE. This observation suggests that IL-6, which is an important Th2 cytokine, may have an anti-inflammatory role in the pathogenesis of *M. pneumoniae* pneumonia, and that HapE, through its effects on IL-6 secretion, may contribute to the Th1/Th2 imbalance associated with this disease. Our finding that HapE treatment resulted in a significant decrease in the IFN-γ to IL-4 ratio suggests that this protein primarily drives a Th2-type cell response. When taken together, therefore, the findings from our study provide a possible basis for the mechanism of immune escape during *M. pneumoniae* infection.

However, there are some limitations in our study, like there is no *in vivo* data or *ex vivo* data to translate these *in vitro* findings into a physiologically relevant context, and did not consider the use of primary human tissue or an animal model, and no verification of whether other bacteria express this enzyme, etc. Therefore, In the future, more research is needed to further study the function of this protein.

Conclusion {#sec6}
==========

HapE inhibits the proliferation of NHBE cells, arresting cells in S phase. These effects are dependent upon the protein concentration and the duration of action. HapE and its metabolites act on host cells to reduce the secretion of inflammatory factors and increase the release of anti-inflammatory mediators, thereby facilitating *M. pneumoniae* evasion of the host immune system. These findings, therefore, provide a possible basis for the sustained survival and replication of *M. pneumoniae*, which can cause chronic infection and the prolongation of symptoms associated with this disease.

Perspectives {#sec7}
============

The HapE is a recently discovered *M. pneumoniae* virulence factor that can produce H~2~S to promote erythrocyte lysis. However, other cytotoxic effects of HapE have not been explored.HapE treatment arrested the respiratory epithelium in S phase and inhibited cell proliferation in a concentration-dependent manner. The anti-inflammatory factors were significantly enhanced following HapE treatment. Increased secretion of pro-inflammatory factors was not observed.The effects of HapE on the respiratory epithelium have an impact on the efficiency of host immune surveillance and pathogen elimination, and contribute to the pathogenesis of *M. pneumoniae*.
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